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ABSTRACT

Background: Diabetes patients suffer either from insulin deficiency or resistance with a high risk of severe long-
term complications, thus the quantitative assessment of insulin level is highly desired for diabetes surveillance
and management. Utilizing insulin-capturing aptamers may facilitate the development of affordable biosensors
however, their rigid G-quadruplex structures impair conformational changes of the aptamers and diminish the
sensor signals.

Results: Here we report on a ratiometric, electrochemical insulin aptasensor which is achieved by hybridization of
an insulin-capturing aptamer and a partially complementary ssDNA to break the rigid G-quadruplex structures.
To improve the durability of the aptasensor, the capturing aptamer was immobilized on gold electrodes via two
dithiol-phosphoramidite functional groups while methoxy-polyethylene glycol thiol was used as a blocking
molecule. The exposure of the sensor to insulin-containing solutions induced the dissociation of the hybridized
DNA accompanied by a conformational rearrangement of the capturing aptamer back into a G-quadruplex
structure. The reliability of sensor readout was improved by the adoption of an AND logic gate utilizing
anthraquinone and methylene blue redox probes associated to the aptamer and complementary strand, respec-
tively. Our aptasensor possessed an improved detection limit of 0.15 nM in comparison to aptasensors without
strand displacement.

Significance: The sensor was adapted for detection in real blood and is ready for future PoC diagnostics. The
capability of monitoring the insulin level in an affordably manner can improve the treatment for an increasing
number of patients in developed and developing nations. The utilization of low-cost and versatile aptamer
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receptors together with the engineering of ratiometric electrochemical signal recording has the potential to
considerably advance the current insulin detection technology toward multi-analyte diabetes sensors.

1. Introduction

Insulin is a crucial polypeptide hormone mainly produced, stored,
and secreted by exocytosis of p cells from the pancreatic islets, and is
crucial for blood sugar level control [1,2]. It was the first fully sequenced
protein, which consists of two polypeptide chains with 21 and 30 amino
acids. These two chains are coupled via the formation of disulfide bonds
between cysteines and exhibit a molecular weight of 5.81 kDa [3].
Enhanced glucose in the blood is the main stimulus of insulin secretion
from P cells, which later binds to insulin receptors and triggers cellular
glucose uptake [4]. Besides a high glucose level, amino acid and
lipid-derived metabolites also mediate directly or indirectly the
glucose-stimulated reactions of f cells for insulin secretion [5].

As a primary protein hormone for homeostasis blood glucose control,
insulin plays a critical role in the regulation of physiological glyco-
metabolism for fats and carbohydrates, facilitating glucose uptake and
maintaining a balanced blood glucose level. Furthermore, it participates
in the synthesis of proteins and fats, and the reversal of lipotoxicity and
glucotoxicity [6,7]. Human insulin signals cells to absorb glucose from
the blood and to store it mainly in the liver when the blood sugar level is
higher than humans need while releasing the sugar from the liver to the
blood once a glucose shortage occurs. Thus, insulin prevents both hy-
perglycemia (high blood sugar) and hypoglycemia (low blood sugar) in
healthy humans [8,9]. Insulin binds to its receptor, which consists of
both @- and g-subunits at the surface of the cell [10]. The insulin signals
are transmitted via phosphorylation and protein—protein association
activating several structurally related glucose transporter (GLUT) pro-
teins [11]. The dysfunctional insulin secretion activity of p cells is not
only related to diabetes but also obesity, cancers, and various types of
neurodegenerative diseases [12,13]. Besides serving as a clinical indi-
cator, insulin testing can also be used to confirm the function of trans-
planted pancreatic islets as well as for doping control among athletes in
sports competitions [14,15].

As previously mentioned, the constant hyperglycemia of diabetes
patients is caused by insulin deficiency and/or insulin resistance. The
former is related to type 1 diabetes and commonly induced by the
destruction of f cells, while the latter is attributed to the impairment of
insulin activity to regulate glucose uptake. Insulin resistance can occur
for both type 2 and poorly managed type 1 diabetes [6,16]. Insulin
resistance appears up to 10-15 years before pancreatic cells are not
capable of compensating for the declined insulin sensitivity and
impaired glucose tolerance, which contribute to the developed type 2
diabetes [17]. Thus, the insulin level for diabetic patients is either lower
than that of healthy individuals (ranging from 50 pM to 2 nM) or in an
intermittently dysfunctional high level (over 1.5 pM) due to impaired
insulin action [18-20]. The early stimulation of insulin secretion could
inhibit the rising of sugar levels and lead to a positive function of glucose
homeostasis [6]. Therefore, effective determination of insulin levels in
the blood is crucial for the early diagnosis of diabetes, disease moni-
toring, and treatment evaluation [1]. Easy insulin surveillance sup-
ported by insulin monitoring could disburden the self-management of
insulin therapy and the daily glycemic control of diabetic patients [21].
Additional arguments for a precise adjustment of insulin administration
are the high cost of insulin, fears of injections, weight gain as well as
prevention of hypoglycemia which can temporarily or permanently
impair cognitive functions [22,23]. Therefore, the routine determina-
tion of insulin levels in human blood would be of great importance for
diabetic patients. To date, various analytical techniques have been
developed for clinically quantitative analysis of insulin, typically im-
munoassays including radioimmunoassay [24], chip-on assay [25],
chemiluminescence spectroscopy [26], colorimetric analysis [27],

enzyme-linked immunosorbent assay (ELISA) [28], fluorescence spec-
troscopy [29], and surface plasmon resonance (SPR) [30], as well as
chromatographic methods including liquid chromatography-mass
spectrometry (LC-MS) [31], high-performance liquid chromatography
(HPLC) [32], and capillary electrophoresis [33]. However, most of these
methods are not compatible with point-of-care (PoC) testing, for
example, LC-MS and HPLC rely on expensive instruments. Others
require toxic or expensive reagents, experienced technicians, suffer from
either complicated pre-treatment procedures, relatively low selectivity
or sensitivity, or time-consuming detection procedures [28,31,32].
Therefore, several electrochemical strategies have been developed for
insulin determination due to their inherent merits such as simplified
testing procedures, rapid detection, low cost, miniaturization compati-
bility, high selectivity, and sensitivity [34]. For instance, Y.M. Park et al.
have proposed an electrochemical sensor for insulin determination by
using a flexible gold nanopillar electrode decorated with
insulin-capturing antibodies [35]. M. Khanwalker et al. have established
an insulin-sensing platform through the immobilization of an
anti-insulin single-chain variable fragment (scFv) as a bioreceptor [36].

Nevertheless, antibodies have been used more commonly as recog-
nition elements but some shortcomings are associated with them as well,
such as complex and expensive fabrication, thermal instability, quality
variations, and short dynamic detection range [37]. Recently, also
aptamers have been employed for insulin detection due to their inherent
advantages such as cost-effectiveness, reproducibility in synthesis, high
flexibility in designing sequences, and ease of modification. Further-
more, they can possess enriched target binding sites due to their small
size and low molecular weight, low immunogenicity, high stability
under harsh conditions as well as good reversibility against repeated
thermal denaturation and renaturation, which is promising for PoC
analysis [38]. Single-stranded DNA (ssDNA) or RNA aptamers are
typically in vitro selected and isolated from a synthetic library con-
taining random sequences of nucleic acids through a technique known as
systematic evolution of ligands by exponential enrichment (SELEX)
[391.

The insulin-capturing ssDNA aptamer employed in this work named
IGA3 was obtained via SELEX by Yoshida et al. [40]. The binding of
insulin to the aptamer is mediated by several stable G-quadruplex (G4)
structures, highly ordered folding motives formed from guanine-rich
ssDNA sequences. This IGA3 insulin-capturing aptamer proved to
possess a high binding affinity [41] and has been deployed in combi-
nation with different transducer systems. M. Liu et al. have designed a
graphene/DNA-based colorimetric biosensor for insulin detection and
obtained a detection range of 0-600 nM [42]. Z. Hao et al. have
developed a graphene field-effect transistor, where the insulin binding
induced the formation of G4 structures alternating the electrical
conductance of the graphene channel and thus resulting in a Kp value of
35 nM [41]. Y. Wu et al. reported on an electrochemical insulin apta-
sensor employing methylene blue (MB) redox probe tethered insulin
aptamers. A relatively high detection limit of 20 nM was obtained pre-
sumably due to only marginal conformational changes during insulin
binding [43]. In addition, several aptasensors have been established that
use different nanomaterial electrode modifications including meso-
porous carbon, MOFs, or AuNPs, improving the detection limits
[44-46]. In summary, electrochemical aptasensors with conventional
electrodes suffer from high detection limits, while sensors made from
nanomaterials are complex to fabricate and possess narrow dynamic
detection ranges in this specific case so that they are not capable of
covering the variety of concentrations found for insulin among healthy
and diabetic individuals.

These electrochemical aptasensors have in common that their signal
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mainly results from changes in the conformation of the ssDNA during
target binding. The IGA3 insulin aptamer forms G-quadruplex structures
which are conserved during insulin binding and limit the detectable
signal [43]. To avoid the formation of unfavorable secondary structures
that interfere with the desired conformational change, aptamer-ssDNA
duplex structures were introduced as the sensing receptor. Here the
target is detected through a strand displacement process which facili-
tates a “signal-on’’ detection scheme where the signal increases together
with the analyte concentration, Fig. 1A. In this work, we propose an
insulin aptasensor utilizing a strand displacement process to prevent the
formation of G4 structures in the insulin-free aptamer and to provide a
distinct conformational rearrangement during the binding of the ana-
lyte. Furthermore, we implemented both a “signal-on’’ and a “signal--
off”” redox signal processes which prevent false positive signals, enhance
the sensor reliability, and suffer less from environmental interferences
[47,48]. Therefore, a first redox probe anthraquinone (AQ) was attached
to the capturing aptamer on the distal end from the electrode while
methylene blue (MB) was linked to the thiol-free complementary ssDNA
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strand. In the hybridized complex, a straight, G4-free dsDNA was sup-
posed to form with an MB group located close to the electrode surface,
while the AQ-tag was exposed to the bulk medium. Hence, the
AQ-modified insulin-capturing aptamer and the MB-modified comple-
mentary ssDNA served as “signal-on’” and ‘“‘signal-off’’ redox probes,
respectively. In the presence of insulin, the complementary DNA hybrid
dissociated and the capturing aptamer formed a G4 structure, forcing the
AQ probe to engage to the electrode surface while the MB-tagged ssDNA
separated from it. Consequently, insulin detection could be realized by
measuring the AQ signal decrease and the MB signal enhancement
simultaneously. The immobilization of the capturing aptamer on the
electrode surface happened through two dithiol-phosphoramidite
(DTPA), functional groups which contain in total four thiol groups for
a strong binding to gold. For the prevention of biofouling in complex
samples like serum or blood, methoxy-polyethylene glycol thiols (PEG)
were used as blocking material [49].
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Fig. 1. (A) Illustration of the detection processes through using either full complementary ssDNA or partially complementary ssDNA. (B) CV and (C) EIS results of
differently modified electrodes in 10 mM PBS containing 5 mM [Fe(CN)6]3'/ 4. The CVs were recorded with a scan rate of 100 mV s~ '. The EIS (dots represent
experimental data while the lines depict the fitting curves) were conducted with a frequency between 1 Hz and 100 kHz as well as an AC amplitude of 10 mV: (a) bare
gold rod electrode, (b) insulin aptamer/PC-ssDNA/gold rod electrode, (c) PEG/insulin aptamer/PC-ssDNA/gold rod electrode, (d) insulin/PEG/insulin aptamer/PC-
ssDNA/gold rod electrode. The equivalent circuit model displayed in part (C) contains the solution resistance (R;), the charge transfer resistance (R.,), a Warburg
impedance (W), and a constant phase element (CPE). (D) QCM-D plot showing the time course of the aptamer immobilization, PEG blocking, and insulin detection.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2. Material and methods
2.1. Chemicals and apparatuses

The insulin aptamers and (partially) complementary oligonucleotide
aptamers employed in this work were synthesized by Friz Biochem
GmbH (Neuried, Germany). The human serum albumin aptamers were
synthesized on demand by Sangon Biotech Co., Ltd (Shanghai, China).
Ethylenediaminetetraacetic ~acid (EDTA), tris(thydroxymethyl)-
aminomethane hydrochloride (Tris-HCl), magnesium chloride, sodium
chloride, potassium chloride, sodium phosphate monobasic, sodium
phosphate dibasic, 6-mercapto-1-hexanol (MCH), tris(2-carboxyethyl)
phosphine hydrochloride (TCEP), potassium ferrocyanide (K4 [Fe
(CN)g]), potassium ferricyanide (K3 [Fe(CN)g]), hexaammineruthenium
(I11) chloride ([Ru(NH3)g]Clg), sulfuric acid, hydrochloric acid, sodium
hydroxide, human insulin, r-ascorbic acid, thrombin, r-cystine, immu-
noglobulin G from human serum were all purchased from Sigma-Aldrich
Chemie GmbH (Germany) and used without further purification. Gold
rod electrodes (2 mm diameter) were ordered from Gaossunion (Wuhan,
China), and the Ag/AgCl electrode Dri-Ref-2 was purchased from WPI
(Friedberg, Germany). Alumina micro-polish powders (0.05 and 0.3 pm)
were provided by Buehler (Leinfelden-Echterdingen, Germany). Iso-
propanol and ethanol were produced by Merck (Darmstadt, Germany).
Monofunctional methoxy-polyethylene glycol thiol (PEG, MW 2 k) was
supplied by Creative PEGWorks (Chapel Hill, USA). All these chemical
reagents are in analytical grade. The ultra-pure deionized water (18.2
MQ cm, Milli-Q, Millipore Merck, Darmstadt, Germany) was applied for
all experiments involved in solution preparations. The 10 mM Tris-HCl
buffer (1 mM EDTA, 10 mM Tris, 100 mM NaCl, pH 8) was prepared
for aptamers storage, high salt phosphate buffer solution (10 mM PBS
with 10 mM NayHPO4, 10 mM NaH,PO4, 1 M NaCl, and 1 mM MgCl,, pH
7.2) was used for aptamer assemblies, low salt phosphate buffer solution
(10 mM PBS with 10 mM NayHPO4, 2 mM NaH2PO4, 100 mM NaCl, and
3 mM KCl, pH 7.4) was used for electrochemical measurements.

Insulin capturing aptamer sequence (aptamer-ssDNA) [40]:

5'-AQ-(CH2)6-GGTGGTGGGGGGGGTTGGTAGGGTGTCTTC-
(DTPA),

Complementary ssDNA sequence (C-ssDNA):

5'-CATCCCACAG-(CH2)s-MB.

Partially complementary ssDNA sequence (PC-ssDNA):

5'-CCCCCTTTTTATCCACAG-(CH3)¢-MB.

Specificity test using human serum albumin ssDNA aptamer
sequence [50]:

5'-ferrocene—(CH2)g—~GTCTCAGCTACCTTACCGTATGTGGCC-
CAAAGCGTCTGGATGGCTATGAA.

-(CHy)¢-S-S-(CH5)g-OH-3’

2.2. Gold rod electrode cleaning

The gold rod electrodes with a diameter of 2 mm were physically and
electrochemically cleaned before aptamer immobilization. They were
sequentially polished employing alumina powder slurries of 0.3 and
0.05 pm in diameter on micro-cloth pads produced by BASi Research
Products (West Lafayette, USA) each for 5 min. Then these well-polished
electrodes were consecutively sonicated in ethanol, isopropanol, and
Milli-Q water each for 5 min. After sufficient drying in an argon gas
stream, electrochemical cleaning was further conducted for these elec-
trodes. Cyclic voltammogram (CV) measurements were firstly carried
out in 0.5 M NaOH solution (500 scans with a potential range from
—1.35to —0.35 V and a scan rate of 1 V s™!) and subsequently in 0.5 M
H2S04 solution (100 scans with a potential range from —0.15V to 1.55V
and a scan rate of 1 V s™1) by utilizing PGSTAT302 potentiostat/gal-
vanostat (Metrohm Autolab, Netherlands). The electroactive surface
areas of the electrodes were electrochemically determined in 0.5 M
freshly prepared H,SO4 by cycling the potential between —0.15 V to
1.55 V with a scan rate of 0.1 V s~ until a stable CV was recorded [51].
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These electrodes were sufficiently rinsed with Milli-Q water and purged
with an argon gas stream before further modifications.

2.3. Aptasensors preparation

The concentration of DNA solutions was determined with a UV/Vis
spectrometer (DS-11 Series Spectrophotometer/Fluorometer, DeNovix
Inc., Wilmington, DE, USA) by recording the absorbance at 260 nm. The
solution of the aptamer was always pre-treated with 10 mM TCEP for 1 h
to split the disulfide bonds of the protection group. Subsequently, the
solution was diluted to the desired concentrations by high salt PBS to
reduce the electrostatic repulsions between ssDNA molecules and
facilitate an effective aptamer immobilization.

After those steps described above, the well-cleaned electrodes were
immediately soaked in 250 pL aptamer solutions at a defined concen-
tration for 1 h. Either the complementary ssDNA or partially comple-
mentary ssDNA (C-ssDNA/PC-ssDNA) coexisted with twice the
concentration of the insulin-capturing aptamer (aptamer-ssDNA). Af-
terward, the Au samples were rinsed carefully and extensively with low
salt PBS and followed by Milli-Q water to remove non-specifically
adsorbed substances including the unhybridized C-ssDNA/PC-ssDNA.
After purging with argon gas, these electrodes were further immersed in
250 pL 1 mg mL~! PEG dissolved in Milli-Q water for 1 h and carefully
washed with low salt PBS and Milli-Q water. PEG functioned as both a
blocking agent and spacer material, which can not only eliminate pin-
holes but also maintain space between receptor molecules for analytes
and binding, see below. Aptamer/PEG receptor layers have been proven
to effectively preventing biofouling in human serum samples [52].
Noteworthy, PEG causes interference during some characterization ex-
periments such as AFM and chronocoulometry measurements. In these
experiments, MCH was used as blocking molecules instead of PEG,
which has similar blocking properties in buffer but with low efficiency in
complex matrices.

2.4. AFM investigations

All atomic force microscopy (AFM) experiments were conducted
with a Nanoscope Multi-mode 8 microscope (Bruker, Germany) utilizing
a piezoelectric E-series scanner for sample placement. Aluminum back-
coated Si cantilevers from Bruker (RTESPA-3, resonant frequency of 300
kHz) were used for tapping mode imaging at a scan rate of 1 Hz
recording 256 x 256 pixels for each image. The scan size ranged from
0.25 to 0.5 pm, which is indicated by the scale bar within the images. A
bare gold (111) single-crystal disk was used as a model electrode surface
facilitating atomically flat gold terraces for an easy identification of
morphological changes during molecule immobilization without in-
terferences from the topography of the electrode. Before usage, the
crystal was cleaned by consecutive rinsing it in ethanol, isopropanol,
and Milli-Q water. After drying in an Ar stream, the single crystal was
flame treated for 10 min in a hydrogen flame and cooled down to room
temperature under an argon atmosphere.

2.5. Electrochemical detection of insulin

Cyclic voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) were used to investigate the processes of sensor fabrication
and the target binding, while square wave voltammetry (SWV) was
utilized for the quantitative determination of the analyte. The CV and
the EIS measurements were conducted simultaneously utilizing a
PGSTAT302 potentiostat/galvanostat equipped with a three-electrode
configuration where the aptamer-modified gold rod electrode served
as the working electrode, an Ag/AgCl electrode was used as the refer-
ence electrode, and a platinum wire was utilized as the counter elec-
trode. CVs were recorded in a potential range from —0.2 V to 0.6 V and a
scan rate of 0.1 V s™1. EIS measurements were conducted by exerting a
sinusoidal voltage of 0.22 V with an amplitude of 0.01 V and a frequency
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range between 1 Hz and 10 kHz. The EIS data was fitted with the NOVA
2.1 software containing a frequency response analyzer (FRA) and the
values of fitted modules were obtained from corresponding Randles
equivalent circuits. SWV tests were also carried out with the PGSTAT302
potentiostat/galvanostat employing the same three-electrode system.
All SWVs were measured with a potential range from —0.85V t0 0.1V, a
potential step of 0.005 V, a modulation amplitude of 0.02 V, and a
frequency of 25 Hz.

2.6. Aptamer density determination

To determine the aptamer density on the gold surface, 250 pL of 10
nM insulin-capturing aptamer and 1 mM MCH were sequentially applied
to the gold rod electrode each for 1 h each. Afterward, 10 mL Tris buffer
(10 mM) was injected into the electrolyte cell. Then argon gas was used
to sufficiently purge the buffer in the well-sealed glass cell for 10 min,
and the chronocoulometric (CC) test was recorded every 2 min to reach a
stable signal. Following these steps, the Tris buffer (10 mM) was spiked
with 50 pL [Ru(NH3)6]3+ (RuHex, 10 mM) to form a combination of 50
pM RuHex/10 mM Tris buffer and purged with argon gas for 10 min. The
system was afterward rested for an extra 10 min to equilibrate. Directly
after this, the CC measurement was performed every 2 min until a stable
signal was achieved. The parameters involved in the CC measurements
were 0.2 V and —0.5 V for the initial potential and final potential,
respectively, the step number was 2, the pulse width was 0.25 s, and
0.002 s was used as the sample interval.

The total charge (Qota1) transferred at the gold surface contains both
Faradaic redox charges and non-Faradaic capacitive charges. The
capacitive charge of the double layer (Qq)), as well as the total charge
(Qtotal) can be extracted at the intercept for t = 0 corresponding to
aptamer-free and aptamer-modified surfaces, respectively, when plot-
ting charge (Q) versus t'/2. The amount of RuHex electrostatically
adsorbed to the ssDNA aptamer can be calculated as Qss = Qyotal - QdI-
This leads to the aptamer density at the gold surface following the
equation: I'ss = (QssNa/nFA) (z/m), where N is Avogadro’s number, n
represents the number of electrons for a single reaction, F is the Faraday
constant, A indicates the effective area of the gold electrode, z represents
the charge of redox molecules, m indicates the number of nucleotides of
the aptamer. The number of ssDNA tethered redox groups immobilized
to the electrode molecules can be also extracted from CVs, which were
measured before and after RuHex addition of the CC experiments, ac-
cording to the following parameters: potential range from —0.5 V to 0.2
V, scan rate of 0.1 V s_l, sample interval of 0.001 V.

2.7. Quartz crystal microbalance (QCM) measurements

The receptor and blocking molecule immobilization as well as the
analyte binding were examined by QCM measurements on a quartz
crystal microbalance with dissipation monitoring (QCM-D, QSense from
Biolin Scientific, Gothenburg, Sweden), which was equipped with a
peristaltic microfluidic system. Ahead of measurements, the gold sensor
and related parts of its holder were all cleaned obeying the instructions
of the QCM-D. The gold chip was first cleaned by using an oxygen
plasma with an O, pressure of 0.5 mbar and 50 % power for 3 min.
Afterward, the formed gold oxide was reduced by an ethanol treatment
for 30 min. Then, the sensor was assembled to the holder (cell) and fixed
in the QCM-D module. Directly after that, the buffer solution was
pumped through the cell from a 2 mL vial until stable signals were ob-
tained. Finally, the frequency and dissipation responses were simulta-
neously and continuously recorded in real-time by sequentially pumping
the respective molecule solutions and washing buffers through the QCM-
D cell.
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3. Results and discussion
3.1. Characterization of aptasensor fabrication

The stepwise modification of the gold rod electrode for establishing
the receptor layer composed of insulin-capturing aptamer (aptamer-
ssDNA) and PEG blocking molecule was monitored by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) in 10 mM
PBS containing 5 mM [Fe(CN)6]3'/ 4 InCV measurements, the bare gold
rod electrode presented a pair of well-defined [Fe(CN)g] 3/% redox peaks
(black curve). When the hybridized insulin aptamer/PC-ssDNA conju-
gate was immobilized on the gold rod electrode, the peak currents
dropped significantly and the peak potential difference increased (red
curve), implying a charge transfer obstruction caused by the electro-
static repulsion between the negatively charged aptamers and [Fe
(CN)6]3'/ 4 After the modified electrode was further incubated with
monofunctional methoxy-polyethylene glycol thiol (PEG), the aptamers
uncovered sites were also blocked, thus leading to distinctly decreased
redox currents and increased peak potential separation (blue curve).
Finally, the incubation of the obtained sensor electrode with insulin
caused a further decrease of the peak currents due to steric blocking
(green curve), which revealed the binding of insulin to its aptamer
(Fig. 1B).

This modification procedure was also studied by EIS measurements
using an offset potential of 0.22 V (Ag/AgCl) according to the standard
potential of the redox probe. The semicircle diameters in the Nyquist
plot correspond to the charge transfer resistance (R.t), and an increased
diameter value indicates an increase of the interfacial R.; due to the step-
by-step immobilization of either receptors or targets, Fig. 1C. The
experimental impedance data were fitted with a Randles equivalent
circuit where Rg represents the solution resistance and W accounts for
the Warburg impedance reflecting the influence of the redox probes’
diffusion on the interface impedance. In addition, a constant phase
element (CPE) was used as the interface capacitance to better fit the
impedance due to the imperfect electrode surface morphology. A small
semicircle diameter was observed for the bare electrode (black curve,
Rt = 115 Q), implying a fast charge transfer process without interfer-
ence from adsorbed molecules. After the self-assembly of the hybridized
insulin aptamer/PC-ssDNA on the gold surface, the R value increased
to 1120 Q (red curve) owing to the electrostatic repulsion as described
above. Moreover, a distinct increased R. to 4570 Q (blue curve) was
observed after blocking the gold surface with PEG since the charge
transfer process of [Fe(CN)gl 3/4 to the gold surface was hampered by
the formed DNA/PEG mixed monolayer. The R value increased even
further to 8210 Q (green curve) when insulin was incubated to the
modified electrode, which can be ascribed to the steric hindrance of the
charge transfer induced by the binding of the analyte. These EIS results
were highly consistent with the CV measurements, corroborating that
the aptamer receptors and blocking molecules formed a mixed self-
assembled monolayer and that insulin can bind to this aptasensor. The
isoelectric point (pI) of human insulin is usually considered in a range of
5.2-5.6 [53,54], which is lower in comparison to the buffer and real
sample (blood) pH 7.4, suggesting a negative net charge for insulin.

Correspondingly, a net charge of —3/molecule has been reported for
human insulin at a pH of 7.4 [55], confirming the assumption of an
enhanced charge transfer suppression simultaneously caused by steric
blocking and electrostatic repulsion as indicated by the increased Rt
values, see also Table S1 for the actual values.

To support the electrochemical experiments of the stepwise immo-
bilization and analyte binding procedures, QCM-D measurements were
performed (Fig. 1D). This method reveals the viscoelastic properties of
the immobilized bio-receptors on the gold crystal surface by recording
the changes of both resonance frequency (f) and dissipation factor (D),
reflecting the alteration of mass (thickness) and energy (rigidity/soft-
ness) on the sample, respectively [56]. Assisted by an alternating
voltage, the quartz crystal was excited into a resonating state at its
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resonance frequency. The frequency lowered and the dissipation
elevated simultaneously along with the adsorption of molecules, leading
to the enhancement of mass and energy in the system [52]. For thin and
rigid layers assembled on a planar crystal interface, the change of the
resonant frequency (Af) is proportional to the total loaded mass (Am) on
the crystal surface, which is described by the Sauerbrey equation [57]:

2 2
.
Apefty

Here, Af is the change in frequency (Hz), fo indicates the resonant

Af = (@]
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frequency (Hz) of the fundamental mode, A represents the active area of
the crystal surface, p; means the quartz density (2.648 g em™3), Hgstands
for the shear modulus of the AT-cut quartz crystal (2.947 x 10! g cm™!
s’z), and Am is the mass loading/release at the surface.

Besides the electrochemical and gravimetrical characterization of
the electrode modification, we investigated also the morphological
changes induced by the stepwise modification of the gold surface. Here,
an ultra-flat gold single crystal, polished to the Au (111) surface, was
utilized instead of a polycrystalline rod electrode to unambiguously
trace the topography changes during the functionalization of the elec-
trode. Noteworthy, all images are scaled to the same z range (height)
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Fig. 2. Tapping mode AFM images of the gold surface before and after aptamer, MCH, and insulin surface immobilization. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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going from - 2.5 to + 2.5 nm, facilitating an easy comparison of the
surfaces after the different modification steps and an unambiguous
identification of.

Morphological changes occurring during the stepwise modification
of the electrode. Before any molecule incubation, the freshly flame-
annealed single crystal was investigated by tapping mode AFM. Atom-
ically flat gold terraces with ultra-low roughness of 0.039 + 0.005 nm
were observed (Fig. 2 and Fig. S2). The step edge visible on the left side
of the image possessed a height of 0.2 nm corresponding to the gold
atom layer distance in (111) direction. In these measurements, even the
gold reconstruction can be observed, more pronounced in the phase
image than the topography image due to the high z-range, nevertheless
proving the high quality of the single crystal preparation and the
absence of specifically absorbed molecules as they would lift the
reconstruction.

After immobilizing the aptamer-ssDNA/PC-ssDNA conjugate, mole-
cule patches were observed indicating the formation of ordered dsDNA
domains, which covered 49 + 15 % of the gold surface [58,59]. The
height of these patches was about 0.7 & 0.1 nm, which is much smaller
than the length of the used DNA. In previous studies, several
nanometer-thick monolayers were reported for dSDNA molecules how-
ever for higher DNA concentrations and longer incubation times [60].
Under the assembly conditions optimized for our aptasensor, see section
3.2, the dsDNA molecules were presumably lying on the surface. The
overall roughness of the samples increased to 0.37 + 0.02 nm while the
areas uncovered by molecules conserved a low roughness of 0.03 + 0.01
nm suggesting that they remain mainly uncovered by molecules. The
elevated structures had a roughness twice as large as the uncovered
surface areas.

After MCH incubation, compact molecule films without defects but
some elevated structures were found, indicating the full mixing of
aptamer and the blocking molecules without phase separations, since
both MCH and the DNA molecules share the same mercaptan hexane
binding unit. This is also reflected by a decrease in the sample roughness
to 0.23 + 0.02 nm since now the entire surface is covered by the mixed
monolayer. It is well-accepted that MCH lifts the DNA molecules from
the surface so that the aptamers are tethered to the electrode solely
through the thiolate [61]. The roughness of the areas without any
elevated objects remained mainly unchanged at 0.075 + 0.02 nm. The
elevated objects represent approximately 3 % of the surface and can be
understood as intermolecular DNA aggregates as previously reported for
this insulin aptamer [43]. These aggregates vary in size substantially.

After incubation in a 10 pM insulin solution, the morphology
noticeably changed and the roughness increased to 0.31 + 0.01 nm,
although the aggregates mainly vanished. The appearance of the surface
was more irregular and inhomogeneous with many small elevated and
depressed features. After the analyte incubation, the resulting surface
appeared similar to electrodes modified with other ssDNA aptamers
such as PfLDH (malaria biomarker), glutamate, and ABO (Alzheimer’s
disease biomarker) aptamers [52,62,63]. The elevated structures were
distinctly smaller than those for the previous hybridized aptamer/MCH
preparation step, indicating that the aptamer-ssDNA/PC-ssDNA conju-
gate presumably dissociated due to the interaction of the aptamer with
insulin.

Noteworthy, during the stepwise modification with ssDNA aptamers
without complementary strands, usually a consecutive increase of the
surface roughness can be observed, while in the case reported here, the
roughness change between aptamer immobilization and MCH incuba-
tion is relatively small [52,62,63]. Just after insulin administration, the
roughness slightly increased due to the binding of the analyte to the
aptamer-modified electrode and the desorption of the PC-ssDNA. Pre-
viously, it was reported that dsDNA monolayers are more compacted
and densely packed than ssDNA films, suggesting that the dissociation of
the complementary strand initiated by the binding of insulin contributed
to the observed roughness increase [60].
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3.2. Optimization of analytical performance

To achieve the optimal detection performance for the aptasensor,
experimental conditions comprising the immobilization concentration
of the insulin aptamer and insulin target incubation time were optimized
for a representative analyte concentration of 1 pM insulin. Since the
detection performance can be hugely influenced by the packing density
of aptamers, the ratiometric oxidation peak currents (Ing/Ivs) extracted
from SWV measurements were investigated as a function of the insulin
aptamer concentrations. As depicted in Fig. S3A, the value of Ing/Ivis
increased with rising concentrations from 1 nM to 10 nM of the insulin
aptamer, while this current ratio continuously decreased once the
aptamer concentrations exceeded 10 nM. This behavior is reasonable
since high concentrations of aptamers on the gold surface can induce
steric hindrances as well as electrostatic repulsion effects between
neighboring ssDNA molecules and hamper the target analyte recogni-
tion or ssDNA stand replacement [55]. Thus 10 nM was selected as the
optimal concentration for the incubation of the insulin aptamer and
applied for all following experiments. The incubation time of the target
biomarker to the biosensor is another important experimental condition
that needs to be optimized to facilitate the best performance for the
proposed aptasensor. Here, the Ipq/Ivg ratio values increased along with
the increase of insulin incubation time until they asymptotically
approached a plateau after 10 min. No evident change in the Ino/Ivis
ratio was witnessed until 25 min, implying a saturation of the insulin
binding to the aptasensor (Fig. S3B). Consequently, 10 min was applied
as the optimal incubation time for insulin binding and adopted for all
following experiments.

3.3. Aptamer density determination

Chronocoulometry (CC) measurements were conducted to estimate
the aptamer densities of the insulin aptamers anchored on the gold
surface at the previously determined optimal concentration. Therefore,
[Ru(NHg,)s]3+ (RuHex) redox probes were employed, which stoichio-
metrically bind to the anionic phosphates of ssDNA molecules via
electrostatic interactions. By applying a potential step crossing the redox
potential of RuHex, all charges transferred over the electrode/liquid
interface are correlated with the number of self-assembled thiolated
aptamer molecules on the gold surface. An insulin aptamer immobili-
zation concentration of 10 nM was evaluated according to the results in
Fig. S3A comparison of the extrapolated charge to the time 0 before and
after RuHex addition results in a calculated molecule density of 8.49 x
102 molecules cm ™2 (Fig. S4), which is in agreement with the QCM data
(about 1/3 of all surface molecules were aptamers). The observed
molecule density corresponds to a medium aptamer density suggesting
that the insulin binding requires moderate interfacial space [64]. These
findings were further corroborated by additional CV measurements
where the redox peak of capturing aptamer-associated RuHex molecules
was used to estimate the molecule density. The CV before RuHex binding
showed no clear redox peak since the redox potential of the AQ tag was
not reached (Fig. S5A). After RuHex addition a clear redox peak close to
—0.2 V occurred which has the typical shape corresponding to
surface-immobilized redox groups. The difference in the redox currents
before and after RuHex binding were accordingly analyzed yielding a
molecule density of 1.09 x 10'® molecules cm™2 confirming the CC
measurements (Fig. S5). These electrochemical data, suggesting a me-
dium aptamer density, are in agreement with the AFM date observed in
section 3.1, where a sub-monolayer of aptamer molecules was observed.

3.4. Ratiometric electrochemical aptasensor

To evaluate the feasibility of the ratiometric aptasensor for insulin
detection, SWV measurements were conducted with different modified
gold electrodes. SWV signals of electrodes stepwise modified with in-
sulin aptamer/C-ssDNA and PEG (Insulin aptamer/C-ssDNA/PEG/Au
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electrode) were recorded from —0.85 V to 0 V in 10 mM PBS (pH 7.4)
both before and after insulin incubation. As seen in Fig. S6A, only the C-
ssDNA associated MB oxidation peak current (black curve) at —0.3 V
was detected without insulin, indicating the insulin aptamer was teth-
ered to the gold surface and hybridized with the MB-tagged C-ssDNA.
After incubation with insulin from 1 nM to 1 pM, an obvious AQ
oxidation peak current appeared at about —0.6 V after the exposure to
50 nM insulin and the MB slightly decreased even from lower insulin at
5 nM (light blue and green curve). The signal of AQ reveals that the
redox tags were close enough to the electrode surface to get involved in
the charge transfer process, while the signal drop of MB was attributed
to the binding of insulin to the aptamer and the accompanied dissocia-
tion of the hybridization associated with a release of C-ssDNA from the
insulin aptamer. In the presence of high insulin concentrations of 100
nM, 500 nM, and 1 pM, the oxidation peak currents of MB further
decreased and that of AQ correspondingly increased (pink, yellow, and
grey curves). Similar tendencies of SWV signals were recorded for in-
sulin aptamer/PC-ssDNA conjugates in combination with PEG modifi-
cations (Insulin aptamer/PC-ssDNA/PEG/Au electrode) (Fig. S6B),
indicating that both proposed ratiometric.

Electrochemical aptasensors can be used for insulin testing assays.
Noteworthy, the ratio of the oxidation peak currents (Iaq/Ivp) between
AQ and MB was always larger for the partially complementary ssDNA
conjugates (aptamer-ssDNA/PC-ssDNA) for every insulin concentration
compared with the fully complementary ssDNA (aptamer-ssDNA/C-
ssDNA conjugate) presumably due to the lower bonding strength of the
partially complementary aptamer-ssDNA duplex [65]. Through the
introduction of the complementary ssDNA, the intermolecular G-quad-
ruplex of capturing aptamers is prevented. When the analyte binds to its
capturing aptamer hybridized with a complementary ssDNA, the
aptamer-protein interactions need to compete not only with the
aptamer-ssDNA hybridization but also with intra-
molecular/intermolecular interactions of the proteins [66]. Such a
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multi-molecular interaction system can be illustrated by an equilibrium
reaction model [67]. Furthermore, fully complementary dsDNA pos-
sesses a strong duplex stability competing with the capturing capability
of the aptamer, leading to high Kp values. Through introducing mis-
matching base pairs, the binding strength of the duplex decreases and is
less competitive to the aptamer/analyte binding. However, the advan-
tages of using a duplex structure are preserved such as the prevention of
G4 structures before insulin exposure, huge conformation change
induced by analyte binding, and the low background signal [65]. The
sequence of the partially complementary DNA was designed to locate
the MB redox tag close to the surface for an easy charge transfer and to
bind to the G-rich domain of the capturing aptamer, preventing not only
intra but also intermolecular G-quadruplex structure formation. As
described in the introduction, this ratiometric aptasensor has high reli-
ability since it uses two redox signals from two redox probes for the
analysis of the sensor output, see next section. Thus, the PC-ssDNA was
utilized for all following experiments instead of C-ssDNA.

3.5. Characterization of the sensor performance

The analytical performance of the proposed dual-redox signal apta-
sensor for the quantitative insulin determination was evaluated by SWV
under optimized conditions (Fig. 3A-D). For blank samples, an obvious
MB oxidation peak current can be observed originating from the PC-
ssDNA strand. The AQ signal was below the detection limit due to the
stretched conformation of the hybridized aptamer and the large distance
of AQ from the electrode surface. After incubation of different concen-
trations of insulin for 10 min, the SWV peak current of AQ (—0.6 V)
gradually increased while the SWV response of MB (—0.3 V) continu-
ously decreased along with the increase of insulin concentration. Ac-
cording to the SWV current of AQ and MB, two corresponding linearly
related calibration curves can be fitted following the equations below
(Table 1), (Iag and Ivig represent AQ and MB peak current, respectively,
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Fig. 3. Calibration curve based on (A) AQ signal, (B) MB signal, (C) MB/AQ signal ratio and (D) AQ/MB signal ratio for insulin aptamer/C-ssDNA/PEG/Au electrode
toward insulin with concentrations between 0.1 nM and 10 pM in 10 mM PBS (pH 7.4). For this experiment, three measurements were analyzed and obtained from

three different electrodes.
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Table 1 Table 2
Detection characterization. Performance comparison with other PoC strategies for insulin detection.
Detection Fitting results Limit of Dynamic Sensitivity Detection methods Limit of Dynamic References
detection detection detection detection
(LOD) range range
Ino(x1077  3(1gC) -3 3.3nM 10 nM-1 pM 0.3 pA Optical aptasensor 0.1 nM 0.1 nM-1 nM [74]
A) (R? = 0.9838) nM ! Carbon quantum dots (CQDs)- 2.24 nM 40 nM-200 nM  [75]
Iy ( x —1.6 (1gC) + 4.3 0.15 nM 0.5 nM-100 0.16 pA based electrochemical oxidative
1077 A) (R? = 0.9926) nM nM! detection
Signal ratio 45.2 x (1- 0.8 nM 2.4 nM-45 4.2nM! NiO Nanoparticles involved in 19.6 nM 600 nM-10 pM [76]
(MB/AQ) (lgC)z'sg/ (290.3+ nM electrochemical oxidative
(lgC)z'SQ)) detection
(R? = 0.9986) Label-free electrochemical 3 nM 10 nM-350 nM [77]
Signal ratio  7.59 x (1g0)"**/  4.5nM 14nM-2.5pM  0.005 aptasensor
(AQ/MB) (1552.6+ nM~! Synergistically electrocatalytic 0.12 nM 0.46 nM-100 [78]
1g0)'3%) detection nM
(R? = 0.9976) Label-free fluorescent assay 3nM 10 nM-500 nM, [79]
1 pM-16 pM
Interferometric reflectance 32.7 nM 430 nM-8.6 pM [80]
and C is the incubated concentration of insulin). Additionally, the in- spectroscopy (IRS) optical sensor
Aptamer-mediated fluorescent 2.74 nM 4.3 nM-206.4 [81]

sulin adsorption and PC-ssDNA desorption processes can be monitored
by the ratio of these redox currents, which follow a Hill equation
(Table 1), (signal ratio (vs/aQ) means the ratio of peak current between
MB and AQ or equivalently the reciprocal signal ratio (ag,mp)). The
detection limit, dynamic range, and sensitivity extracted from both the
peak current-based and signal ratio-based calibration curves are pre-
sented in Table 1.

Interestingly, these calibration curves cover different concentration
ranges for AQ and MB. This difference can be attributed to the G4
structures formation, indicating that the dissociation of the hybridized
aptamer duplex and the insulin analyte binding are two different pro-
cesses and can be influenced by different factors, respectively [68].
Besides, the confinement of the capturing aptamer to the gold surface
may affect its folding into the G4 conformation [69]. Generally, the
different concentration ranges are beneficial for the target sensing since
the total detection range is highly extended. In our previous work, we
found that the detection concentration range can be broadened by
jointly utilizing an electrochemical and an optical transducer in the
same sensor [70]. In another work, the concentration range was
extended by changing the pH of the analyte solution [71]. Here, a
similar detection range extension can be achieved however without
introducing additional transducer equipment or modifying the analyte,
while the reliability is maintained due to the overlap between the two
concentration ranges. The overall detection limit and detection range
obtained from the combination of MB and AQ redox signals were 0.15
nM and 0.5 nM to 2.5 pM, respectively (Table 1), which covers the
hyperinsulinemia diabetic insulin level typically at a full stomach
ranging from 2 nM to 1.86 pM as reported previously [20,72,73]. For our
sensor, the LOD is 100 times smaller than previously reported by Y. Wu
et al. for a sensor without strand displacement [43].

In comparison with other PoC insulin sensors (Table 2), including the
comparison with commercially available homogeneous time-resolved
fluorescence (HTRF) and ELISA kits, our aptasensor possessed a
similar LOD and wider dynamic detection range [74-85]. Moreover, the
ratiometric dual-signal mechanism is more reliable for insulin analysis
due to the redundant responses. The redox signals of MB and AQ can be
treated as an AND logic gate, in which the insulin is used for diagnostic
purposes only when both MB and AQ redox currents exhibit a distinct
change during testing of the sample (Fig. S7). This logic gate enhances
the sensor performance since unspecific interferences of certain chem-
icals can be eliminated, see next section. As displayed in the truth
Table S2, only if both inputs, the signal change of AQ and MB, are not
zero, the final electrochemical output signal is trustworthy.

3.6. Selectivity, real sample test, specificity test, stability

To evaluate the selectivity of the developed electrochemical apta-
sensor to insulin, four potential interfering substances with similar

sensor nM

Optical porous silicon biosensor 327 nM 860 nM-8.6 yM [82]
Homogenous time-resolved 0.03 nM 0.027 nM-0.21 [83]
fluorescence (HTRF) nM
ELISA 0.009 nM 0.017 nM-0.17 [83]
nM
ELISA 0.005 nM 0.014 nM-1.4 [84]
nM
ELISA 0.034 nM 0.035 nM-2.25 [85]
nM
Aptasensor 0.15 nM 0.5 nM-2.5 This work
HM

structures to insulin including r-ascorbic acid (L-AA), thrombin (TB), t-
cystine (L-CT), and immunoglobulin G (IgG) were investigated in con-
trol experiments since they are in parts electroactive and coexist with
insulin in human blood. During the tests, we did not observe any
apparent AQ redox peak in response to spiking those compounds to the
test solutions. Interestingly, these interfering chemicals caused a partial
decline of the MB peak currents at certain concentrations, indicating
that they are capable of breaking the hybridization and inducing a
release of PC-ssDNA strands. However, the missing AQ signal rules out
an unspecific binding to the insulin aptamer itself. Nevertheless, the
breaking of the hybridization and the decreased peak currents for MB
can potentially impair the reliability of the test results. Therefore, we
recorded and analyzed these signal drops of MB currents as well as the
AQ currents (Fig. S8). In the presence of 10 mM t-ascorbic acid or 10 pM
thrombin, which were much higher than physiological concentrations of
about 65 pM and 200-780 nM in human blood [86,87], respectively, the
signal alterations remained very small for both compounds indicating
only a weak interference. However, when the aptasensor was exposed to
100 pM tr-cystine or 100 pM IgG, considerable signal drops were
observed for the MB redox peak presumably due to unspecific (elec-
trostatic) interactions with the PC-ssDNA. Both 1-cystine and IgG possess
weak positive charges when they are exposed to the pH of the physio-
logical environment [88]. A reduction of the concentrations to 2 pM for
L-cystine and 5 pM for IgG was necessary to eliminate the signal drops.
However, the normal concentrations of healthy adults for r-cystine and
IgG are around 40 pM and 40-100 pM [89,90], respectively, and thus
above those non-interfering levels. This issue could be tackled by a
20-times dilution of the sample, noteworthy, this would increase the
LODs of this test. However, the combination of both redox signals (MB
and AQ) via an AND logic gate allowed to overcome this problem as
these interfering molecules affect only the MB but not the AQ redox
response. The final signal ratio of Ing/Ivs showed a huge difference
between that of insulin and any of the tested interfering agents (Fig. 4A).

The proposed aptasensor was further evaluated with 20 times diluted
real blood samples in comparison with the results from the PBS samples
containing the same concentrations of the target analyte.
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Fig. 4. (A) Ipo/Ivs signal ratio of the insulin aptasensor after the exposure to different concentrations of inferences of 1-ascorbic acid, thrombin, 1-cystine and
immunoglobulin G in comparison with the exposure to insulin. (B) Iyis/Iaq signal ratio of the insulin aptasensor after the exposure to (a) 10 mM PBS containing 5 nM
insulin and (b) 20 times diluted blood samples spiked with 5 nM insulin, (c) 10 mM PBS containing 50 nM insulin and (d) 20 times diluted blood samples spiked with
50 nM insulin, (¢) 10 mM PBS containing 500 nM insulin and (f) 20 times diluted blood samples spiked with 500 nM insulin. (C) Signal drop after insulin incubation
on (a) albumin aptamer/PEG, and MB peak drop of this (b) insulin aptasensor. (D) I5o/Ivg signal ratio of the insulin aptasensor after stored in the fridge for 1 week, 2
weeks, and 4 weeks. For these experiments, three measurements were analyzed and obtained from three different electrodes.

All blood samples were obtained from a healthy donor via monovette
tubes. Ethylenediaminetetraacetic acid (EDTA) was added to avoid
blood coagulation. The signal ratios of the two redox tags were obtained
from the calibration curves of the SWV signals recorded after incubation
in PBS solution and diluted blood spiked with 5 nM, 50 nM, and 500 nM
insulin. The Ivip/Iaq and Iaq/Ivs signal ratios were both determined and
utilized either for low, medium, or high concentrations according to
their most sensitive parts at the calibration curves, respectively
(Fig. 4B). The recoveries at the three concentrations for the real sample
measurements were calculated and displayed in Table S3. The high
agreement between spiked and measured insulin concentrations rules
out interferences originating from blood substances such as human
serum albumin, glucose, uric acid, and dopamine as well as other
potentially interfering blood-borne components.

Although the real sample test of the insulin aptasensor demonstrated
that the unspecific adsorption in complex samples can be eliminated, the
specificity of the insulin binding to the capturing aptamer was addi-
tionally evaluated to exclude unspecific binding to any ssDNA. There-
fore, the capability of insulin to associate with the albumin aptamer was
investigated. We chose this aptamer since human serum albumin (HSA)
is also a diabetes biomarker used for glycemic control. Therefore, multi-
analyte aptasensors for diabetes monitoring may be developed in the
future that contain aptamers for both analytes (HSA and insulin).
Correspondingly, an albumin aptamer/PEG receptor-based aptasensor
was fabricated to measure the DPV signals in 5 mM [Fe(CN)G]B’/ 4-
before and after the incubation of 1 pM insulin as described in our
previous work [91]. The response of this sensor was compared with the
MB peak alteration of the insulin aptasensor by insulin during SWV
measurements in 10 mM PBS. The signal drop of MB for the insulin
aptasensor due to the PC-ssDNA replacement was around 80 % while the
albumin aptamer/PEG receptor possesses a much smaller signal drop

10

(less than 6 %) (Fig. 4C). This finding indicates a negligible interaction
between insulin and the non-analyte-specific ssDNAs which suggests
that the development of multi-analyte diabetes sensors containing both
aptamers would be feasible.

The stability of the insulin aptasensor was further tested by
measuring the Ioo/Ivp signal ratios after exposure to 100 nM insulin
with a storage time of 1, 2, and 4 weeks in a fridge (Fig. 4D). The
recorded signal ratio remained at 83 % even after one month in com-
parison with that instant measurement just after the modification of the
aptasensor (0 weeks). The loss of signal ratio may be attributed to the
phase separation and aggregation for aptamers and PEG molecules along
with the storage time, which is similar to what was observed for malaria,
serotonin, and albumin aptasensors [52,91,92]. Noteworthy, the signal
ratio remained more than 90 % after the storage of 2 weeks, which is
higher than that of around 80 % after 10 days of storage for albumin
aptasensors [91]. This observation can be ascribed to the replacement of
the single thiol group by two dithiol-phosphoramidite (DTPA), groups
for the immobilization of the capturing aptamer, which means that four
Au-S bonds facilitated aptamer attachment instead of one. Furthermore,
the stronger interaction between the aptamer and the gold surface
simultaneously inhibited the phase separation and aggregation between
the aptamer and PEG molecules [93-96]. Nevertheless, the prevention
of sensor degradation during longtime storage needs to be further
addressed in future studies.

4. Conclusion

In summary, in this work, an insulin aptasensor is reported that
utilizes a capturing ssDNA aptamer and a partially complementary
ssDNA probe both labeled with specific redox tags for an enhanced
sensor performance. Therefore, at first, the general fabrication
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procedures of the proposed aptasensor were examined by electro-
chemical impedance spectroscopy, cyclic voltammogram, QCM-D,
chronocoulometry, and atomic force microscopy. Afterward, the
experimental conditions such as the sequence of the complementary
ssDNAs, aptamer concentrations, and target incubation time were
optimized. The obtained information was used to establish an insulin
aptasensor platform that exhibited high reliability due to the utilization
of two redox probes and the implementation of an AND logic gate. The
redox probes associated with either the capturing aptamer or the
partially complementary-ssDNA facilitated also a wide detection range
with two sensitivity regions corresponding to low and relatively high
insulin concentrations. In addition, the aptasensor exhibited a high
selectivity and recovery performance in diluted blood sample detection,
again profiting from the combination of the two redox signals. Another
novelty reported in this work was the first-time utilization of linker-free
double dithiol-phosphoramidite groups anchored on the capturing
aptamer. Polyethylene glycol blocking molecules prevented the unspe-
cific adsorption from the matrix blood samples, thus facilitating the
selective determination of the target analyte. Diabetes mellitus is a
disease of increasing prevalence and requires lifetime glycemic man-
agement, which involves insulin therapy. The capability of monitoring
the insulin level affordably and conveniently would significantly
improve the treatment for an increasing number of patients in developed
and developing nations. The utilization of low-cost and versatile
aptamer receptors together with the engineering of ratiometric elec-
trochemical signal recording has the potential to considerably advance
the current insulin detection technology toward multi-analyte diabetes
sensors. In our previous publication, we have reported on a polymer
based multielectrode array (flexMEA), where each electrode can be
individually modified and electrically addressed so that every electrode
can function as a separate sensor. Here, we envision that the optimized
insulin aptasensor can be combined via a multielectrode array platform
with other sensors for the detection of diabetes biomarkers such as
glucose, HSA/GHSA or HbAlc to achieve a multi-analyte diabetes sensor
for improved glycemia control [91,97].
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